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Introduction

Although artillery projectiles are usually launched at high supersonic

speeds, most flight envelopes require that they also fly at high subsonic and

low supersonic velocities. This flight regime is often of critical importance

since it usually represents the conditions during which the maximum

destabilizing aerodynamic effects occur: the so called critical Mach number

range. Thus a knowledge of projectile lift, drag, and moment coefficients at

transonic speeds is imperative if range, payload and accuracy are to be

optimized. Of these forces and moments, drag is the most difficult to predict,

since it is more influenced by viscous effects especially if separation, whether

shock-induced, pressure-gradient-induced, or geometry-induced is present. As

the theories used to predict drag miust take into account viscosity, they are

more complex than potential flow methods which are usually used to predict

the other forces and moments. If local flow separations occur prediction

techniques become even more complex.

To achieve drag reduction and increased range artillery projectile designs

with long, slender ogives, boattailed afterbodies and increased lengths have

evolved. The increased lengths were necessary since drag reduction efforts

resulted in decreased payload volume. In transonic flight the flows about

these bodies are extremely ccmplicated. Fig. 1, taken from Ref. 1, shows the

general transonic flow features of a typical shell configuration at zero

i',idence. It can be seen that the surface discontinuities at the ogive-cylinder

and cylinder-boattail junctures geiiLrate loca! supersonic expansions which

terminate in complex shock wave-boundary layer interactions. These

interactions ma ! - .,-. whic ccuid

significantly affect aerodynamic performance. Unfortunately, the interaction

between a shocl, wave and a turbulent boundary layer is one of the most
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important, but still far from resolved, problems in fluid mechanics. The region

of influence of the interaction is a strong function of Reynolds number,

boundary' layer thickness and shock strength (pressure gradient). Sipce these

interactions normally have large-scale time-dependent characteristics, their

detailed understanding requires advanced measurement techniques. Lack of

sufficient experimental data has inhibited progress in the detailed numerical

simulation of these flows.

At angle of attack the situation is further complicated since axial

symmetry is destroyed and cross flow, pressure gradient induced flow

separation occurs. The shock on the windward surface of the boattail moves

farther aft than the shock on the leeward surface. This pattern generates a

force on the boattail tending to overturn the suell. Modeling of the resultant

lee side flow poses additional problems since the development of turbulent

flow structures in the three dimensional swept separation zones and in the

tightly coiled free shear layers are virtually unexplored. Despite these

problems, the computation of symmetric separated lee side flow fields is being

attempted. Two principal approaches are involved, namely: parabolized

approximations to the Navier Stokes equations for supersonic flows and time

independent Navier Stokes equations for transonic calculations.

Once .he relative incidence, i.e. the ratio of the angle of attack to

semi-nose angle of the body, excecds 1 or 2 for slender conical or tangent

(secant) ogive nose shapes, the orientation cf the forebody vortices becomes

asymmetric with respect to the meridian plane. These flows can give rise to

sigrificant, and on occasion disastrous side forces and yawing moments.

Modern spin stabilized projectiles often fly at m'oderate incidence, w'heC,-

relatively extensive leeward vortex flows are present. Spin stabilization

produces boundary layer distortion and asymmetric vortex flow. As projectile

lengths have been increased to reduce drag, the potential for Magnus-induced
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instabilities has also increased. Methods of predicting Magnus effects have

been sought for many years. In supersonic flow, extensive comparisons

between computation and experiment have shown significant differences

which have been attributed to inaccurate modeling of the leeward vortex flows

(Ref. 2).

These differences were primarily apparent in test cases where the model

angle of attack exceeded 6 deg. At transonic speeds, comparisons are few

since, in addition to computational difficulties, there is little experimental data.

The experimental determination of the three component velocity distribution is

especially difficult. Measurements with total head and hot wire probes must

be suspect due to the ever present problem of flow interference except in the

locally supersonic regions. Further, the interpretation of hot wire signals is still

largely unresolved (Ref. 3). To date, no flow field data are available for

comparison with computations (Ref. 4).

However, the development of laser velocimetry and improved analytical

methods now offer the capability for the measurement and prediction of

detailed flow fields and wake geometries induced by model spin at transonic

speeds. The purposes of this research were to demonstrate the puiential of a

new three dimensional laser velocimeter for the transonic measurement of

slender body flow fields, to identify the effects of spin rate and to provide

challenging test cases of aerodynamic surface pressure, force and moments and

lee side flow field measurements for computation. The model configurations

and test conditions were chosen to complement a series of wind tunnel tests

conducted by the Ballistics Research Laboratory (Refs. 5 and 6) and to extend

earlier supersonic measurements on a smaller model (Refs. 7, 8 and 9) to the

transonic speed regime. In the current experiments, the aerodynamic forces

and moments as well as lee side velocity profiles were obtained on a spinning

and stationary model. Time averaged and unsteady surface pressure
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distributions were also rneasured on a geomctricaiiy similar instrumented

stationary model.

Experimental Details

Test Models and Facility

Details of the spinning secant ogive-cylinder-boattail test model and

model coordinate system are shown in Fig. 2. The model was 6 calibers long

with a 1 caliber, 7' boattail, and closely resembled a modem low-drag artillery

projectile. The secant ogive forebody was 3.017 calibers in length and was

generated as the segment of a circle having a 18.880 caliber radius and a

center at model station 4.584 caliber with a lateral offset of 18.315 caliber

from the model axis. The cylindrical center body was 1.980 calibers in length

and the boattail was a 1.007 caliber, seven degree half angle frustum cone.

Both sharp and blunt tip configurations were tested, and to ensure turbulent

flow, two brass boundary layer trip rings were put on the ogive at model

stations 0.751 and 0.791 calibers. The model was mounted on a dog-leg sting

such that it could be coned relative to the oncoming flow. The outer shell of

the model was free to rotate about its longitudinal axis by means of two ball

bearing mounts. The inner race of the ball bearings were mounted on a

non-rotating sleeve that fit over the free end of the balance-strut assembly.

Details and photographs of the model installation are shown in Figs. 3 and 4.

For the spinning tests, the model was driven by an air turbine which was

installed on the strut behind the six component strain-gauge balance

BRLSB228B), which was used to measure the aerodynamic forces and

moments. A schematic and parts description of the turbine air supply and

braking system are shown in Fig. 5 and Table 1.

The tests were conducted in the NASA Ames 6- by 6-Ft. Supersonic Wind

Tunnel at freestream Mach numbers of 0.8, 0.94 and 1.2. This facility is a
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closed circuit, single return tunnel equipped with an asymmetric sliding-b!ock

nozzle and a test section with a perforated floor and ceiling for boundary layer

removal during transonic operation. The model angle of attack ranged from ()

to 10 deg. at spin rates (pd/U) of 0, 0.2, and 0.3. The freestream unit Reynolds

number was 3x 106 /ft. Laser vapor-screen studies were undertaken to identify

the extent of vortex asymmetry caused by model rotation, to determine the

effect of nose blurttness, and to define the regions of interest for the laser

velocimeter measurements. Three-dimensional shear layer and wake

measurements were then obtained at several model stations on the cylindrical

body and the boattail. At each station, the model was coned around the axis of

the dog-leg sting so that scans could be made at different circumferential

locations. In addition, model balance data were taken to determine Magnus

force and moment coefficients. The moments were referenced to an assumed

center of gravity located 3.6 calibers from the nose.

To provide a thorough pressure measurement data base, a geometrically

similar pressure model was designed and fabricated with steady state pressure

orifices at 51 axial locations arranged in two rows 180 degrees apart along the

body. Dynamic pressure transducers were similarly arranged at 21 axial

locations in two rows offset by 90 degrees from the steady state pressure

orifices. The pressure orifices were closely spaced in the regions of anticipated

large pressure gradients and unsteady flow, namely at the ogive-cylinder and

cylinder-boattail regions. A roll mechanism providing +180 degrees of

movement allowcd circumferential pressure distributions to be obtained.

Readings were taken at 2.5 degree increments to provide adequate

circumferential resolution.

The model was carefully designed and fabricated to reduce

orifice-induced static pressure errors. The holes were machined orthogonal to

the model surface and, since static pressure measurements are very sensitive
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to burrs, care was taken to assure smooth, sharp edged orifices. The measured

pressuie decreases toward the true value as the hole size and the ratio of hole

length to diameter decrease. However, hole diameters less than .015" are

difficult to produce with sharp edges and negligible burrs, and the response

time is greater. Thus, smooth sharp edged orifices of .020" diameter were

specified for the steady state pressure orifices. To compromise on response,

the hole length was chosen to be about 3 orifice diameters. Details of the static

pressure hole geometry are shown in Fig. 6.

Design objectives for the fluctuating static pressure orifices were to

obtain good frequency response while minimizing error producing factors. The

orifice was kept small (.030 ") and short (.010") to avoid cavity resonances

within the me2sIrement range. The gage reference cavities were all connected

to a common tunnel static reference tube. By applying known pressures to this

reference line the dynamic pressure transducers could easily be calibrated.

Details of the cavity design are shown in Fig. 7. In order to simplify

fabrication, both the steady state and dynamic pressure orifices were made

from brass plugs and installed in the model prior to final surface finishing.

The axial locations of the surface static pressure measurement positions

are shown in Fig. 8 and tabulated in Table 2. The static pressures were

recorded using 2-48 port PSI modules. The static pressure fluctuations were

recorded on magnetic tape for on line and subsequent analysis. The model,

which was designed for aerodynamic loads up to 20 degrees angle of attack at

a dynamic pressure, Q of 960 psf, was mounted on a 1.5" Task balance, an

Ames straight sting and the NASA Ames 6- by 6-Ft. Supersonic Wind Tunnel

roll mechanism (see Fig. 9).

The Laser Velocimeter System

The flow field studies were conducted using a new, three component
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laser velocimeter system designed and built for the NASA Ames 6- by 6-Ft.

Supersonic Wind Tunnel. The three component laser doppler velocimeter

sendin, and receiving optics are shown schematically in Fig. 10. Optical acce's

for this fringe mode, forward scatter system was provided by two 4 ft.

diameter windows, one on each side of the test section. The 4880 and 5145

angstrom lines from a 15 watt argon-ion laser were separated by a dispersing

prism. Quartz acousto optical Bragg cells, driven at 40 MHz were used as

beamsplitters and frequency shifters for both the blue and green beams. The

output of each Bragg cell, an incident and first order beam, was a diverging

pair. These two pairs were further separated and brought parallel by specially

polished, off square cubes. With this approach, originally implemented by

Owen (Ref. 10). most of the laser power in each line was used. It was also

relatively easy to balance the power in each pair by adjusting 'he Bragg cell

angle or the output power from the driver. The pairs of blue and green beams

were then made orthogonal by means of a sectional mirror and travel parallel

to the mechanical axes of the traverse system. Thus, the bulk of the optics and

laser were fixed so that only light weight components needed to be moved

during a test. This significantly reduced the cost and complexity of the

traverse system.

A dove prism (not showit) provided the capability to rotate the four

beam cluster to maintain appropriate model coordinate orientation as the

model was moved or beam entry angles changed during a test. After the

prism, the beam separations were then increased to approximately 2 inches

usiig rhomboid pairs. After the beams had been steered by all the traversing

mirrors, a beam-splitter separated half the power of the green pair for the

third component. Thus, the two pairs of green beams had a minimum number

of different optical components and shorter independent optical paths. This

self-aligning optical characteristic was essential for three component coincident
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measurements over long distances in harsh environments.

Polarization rotators were then used to separate the two green pairs I-

Q) deg. After provision for beam steering wedge prism pairs, the beams were

focused down in the test section with 2 meter focal length achromatic lense,.

The 4880 angstrom pair measured the vertical component directly. The 5 1-45

angstrom pairs were offset by an angle of 23 deg. so that each pair measured

the same component of the stream velocity but opposite signs of the cross flow%

component.

Scattered light was collected in an off axis forward direction since this

greatly irnproves particle sensitivity and signal to noise ratio. The first

receiving assembl\ was designed to collect light on the bisector of the two

transmittin,, axes. This led to a small, but unacceptable, amount of cross-talk

between the two green pairs. Effective elimination of this problem was

accomplished by collecting each green pair signal independently, as shown in

FiW. tf. In this configuration, each collecting lens was more on axis with its

own transmitting pair. This not only removes cross-talk, but also significantl\

improves the signal to noise ratio. Scattered light from the two green pairs was

sceparated by polarized filters as well as by collection angle. The scattered blue

lig ht was isolated using an edge filter. Narrow bandpass and spatial filters

eliminated undesired scattered and background light from each channel. The

,unais were detected by photo-multiplier tubes, amplified and sent to a

counter processor. Both sending and receiving optics were mounted on

independent, vibration damped tables. Traversing in three dimensions was

accomplished by microprocessor controlled, stepper motor driven lead screws.

Modification, could also be made to the sending optics so that either line

may be passed through a plane cylindrical lens system. This produced a

variable, thin sheet of laser light which was used to illuminate water vapor

introduced into the stream. This vapor-screen flow visualization was used to
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determine the qualitative effects of model spin rate and to identity the reci(,ofi

of primary interest for subsequent laser velocimeter studies.

Maximum optical system sensitivity is essential for meaningful

measurements particularly in large facilities. In these applications. solid an ci

light collection is reduced so that there is always the possibility that only the

velocities of larger particles, which may not follow the flow, w,,ill be observed.

This could result in errors in the mean flow and turbulence measurements and

difficult, in obtaining data in vortex cores. Previous measurements have

stressed the value of forward scatter optical systems whenever possible, since

data rates which are orders of magnitude higher than those in the back scatter

mode can be achieved. Rather than relying entirely on natural aerosols for the

light scattering, it was found that the introduction of artificial aerosols of

known size distribution greatlv enhances data acquisition rates. Such aerosols

were generated with an ultrasonic nozzle mounted in the facility. These

aerosols have been found adequate for turbulence studies of shock

boundary-layer interactions and vortex flows at transonic and supersonic

speeds (Ref. 3). In the present experiment, seeding was achieved using a

Sonimist (model 700) which was installed in the center of the final set of

turning vanes immediately upstream of the settling chamber. The seeder ,%as

controlled by an air pressure valve actuator located in the control room (see

Vig. 11 ).

Experience has shown that reliable optical traverse capability and real

time data analysis is essential for cost effective studies of turbulent flow fields

in large-scale facilities such as the NASA Ames 6- by 6-Ft. Supersonic Wind

Tunnel, where test time is limited and expensive. To this end, a computer

controlled encoder position indicator system and a data acquisition system and

software capable of on-line data reduction and display were built, tested and

used during the wind tunnel test programs. Traversing in three dimensions
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was accomplished by microprocessor controlled, stepper motor driven lead

screws (Fig. 12). Optical encoders feed back position information to a desk-top

computer so that immediate corrections for backlash or slippage on any axis

can be made. In addition to computer software, the data reduction system

consists primarily of two eiements: an event synchronizer and a desk-top

computer as shown in Fig. 13. Each individual realization and essentially

simultaneous arrival time is recorded. The coincidence requirement ensures

that tile velocities are obtained from the same particle. This is a necessary

condition for shear stress measurement. Each data point taken by the

processor contains the information required to calculate the instantaneous

velocities u, v, w. From these determinations, the average velocities u, v, w,

turbulence levels u',v'. w' and the turbulent cross correlations uv', v'w', u'w'

are all calculated. Plots of these parameters are displayed on-line as profiles

are measured and hard copy is available as required. All the raw and reduced

data are stored on flexible disks for permanent storage and retrieval. Real

time histograms and protability densities of all three velocity components are

displayed during data acquisition.

Results

l:orce and Moment Mieasurements

The overall effects of boundary-layer growth and incidence on the

development of the normal forces and pitching moments are shown in Fig. 14.

At low incidence, there is a favorable circumferential pressure ,radient all the

way from the windward to the leeward generator. Consequently, the

boundary-layer grw, in a regular manner and develops very small cross

flows. The normal force and pitching moments develop linearly in this range,

and the slopes are affected only slightly by viscous effects. However, at tile

higher angles of attack, there are substantial developments of non-linear lift
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and pitching noment ,-rsistent with the formation of well-organized,

symmetrical, coiled, free she:tr-layer flows on the lee side of the model.

The quantitative effects of model spin rate were determined from

Magnus force and moment measurements. Data were obtained at 2 degree

increments over the entire angle-of-attack range. At each angle, the model

was driven to its maximum spin rate using the air turbine, then the turbine

was shut off, and balance measurements were recorded ,.s the model was

coasting down from its maximum spin rate. Examples of the side force

coefficient measurements at two different angles of attack are shown in Fig. 1 5,

where it can be seen that the Magnus effects are accentuated at higher angles

of attack when the vortices are strongest. The linear fits to the subsonic side

force data could be forced through zero for zero spin rate. However, at the

supersonic test conditions, test section flow angularity introduced by the

sliding nozzle block produced a zero spin side force. This offset corresponded

to t side wash angle of less than 0.5 deg. Linear fits of all the side force and

.\awinz moment data have been made, and summary plots developed to

determine the slopes of the Magnus force and moment coefficients. A direct

comparison of the present slope of the Magnus force coefficient is made in Fig.

16 with the data from Ref. 6.

In the present experiment the Magnus moment was referenced to the

nose so that the data were transformed to the center of gravity position to be

consistent with Ref. 6. Fhe transformation used was

S= p+)'(Cn p,)x=0 + (C y

Comparisons of the slope of the Magnus moment coefficient are shown in Fig.

1 7. As anticipated, these comparisons show that the Magnus effect becomes

more accentuated in the transonic speed range with a maximum value

indicated close to Mach one. A complete listing of the force and moment data is
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given in Appendix I.

Surface Pressure Distributions

The flow over the test model a: transonic speeds is characterized by

mixed regions of subsonic and supersonic flow. Shadowgraphs show that two

separate shock waves occur which are preceded by supersonic flow expansions

at the ogive-cylinder and cylinder-boattail regions. The surface pressure

coefficient data measured on the windward and leeward rays are shown as a

function of longitudinal position in Figs. 18-20. These data clearly show the

two expansions and recompressions which occur over the model. At subsonic

speeds the strengths of these interactions increase with increasing Mach

number and angle of attack. Clearly the primary lifting elements are the

forebody and boattail surfaces. However, the nature of the interaction in the

boattail region on the windward side is such as to produce a destabilizing force

on the boattail surface. At supersonic speeds, the nature of the windward and

leeward axial pressure distributions is changed significantly. In these cases

(Fig. 20) there is no upstream disturbance propagation. This results in rapid

supersonic expansions at each of the two model discontinuities and gradual

pressure recovery over the cylinder and boattail surfaces. Once again there is

a destabilizing force distribution on the model and there is a significant lift

force on the front half of the cylindrical surface at the higher angles of attack.

Comparisons of the subsonic and supersonic axial pressure distributions

point to significant differences between the two flow regimes. In subsonic

flow, disturbances are free to propagate in all directions. This enables

upstream propagation of disturbances which are generated at the two model

surface discontinuities. In the subsonic cases, flow expansion begins well

upstream of the ogive-cylinder and cylinder-boattail .junctions which is in

sharp contrast to the rapid expansions in the supersonic test cases. These
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characteristic differences illustrate the problems in the computation of

transonic flows. In the supersonic flows the disturbances are swept

downstream, ie. there is no upstream propagation which enables space

marching computational techniques to be applied. Space marching methods

require much less computer storage and CPU time for full flow field simulation.

Global surface static pressure features have been obtain from additional

measurements which were made of the axial surface pressure distributions at

roll angle increments of 2.5 deg. These data were used to generate a series of

surface pressure contours for the test range of model angle of attack and

freestream Mach numbers. These data, namely local pressure level (p), axial

model location (x) and roll angle (0) were used to generate a three dimensional

picture of the surface pressure levels. The three dimensional model surface

geometry was generated using the axial pressure tap location x and the roll

angle o and was described as:

0_o<<360 0 < x _< 3.017 y = ((18.88 2 - (4.584 - x) 2)0 5 - 18.315) sin o

Z = ((18.882 - (4.584 - x) 2)0 5 - 18.315) cos 0

S0 <360 3.017 < x 4.997 y = 0.5 sin 0

z = 0.5 cos 40

0 , 5 -360 4.997 < x 6.0 y = (0.5 - ((x - 4.997) sin 7)/cos 7) sin 0

z = (0.5 - ((x - 4.997) sin 7)/cos 7) cos o

Because the locations of the 51 pressure taps did not fully define the surface of

the model, four extra axial locations were defined, namely: 0.0, 0.3, 0.6, and 6.0.

Pressure values of zero were entered at these locations but were not plotted.

These locations served to define the nose and rear boattail geometries.

With this three dimensional description of the model and the measured

16



pressure data, five files were genera.ed for each run number (x,y,z,O,p).

However, since the data were obtained on two separate rows (see Fig. 8),

account had to be made for the 180 deg. offset between the pressure taps

numbered 1-7 and the odd values in 9-51 on the one side and the even values

in 8-50 on the other side. Each file was then organized into 55 columns by 145

rows, with column entries being at the same axial station and row entries at

the same roll angle. Since the data were taken at 2.5 deg. increments from 0 to

360 deg. there was a total of 145 roll angles.

With the reduction complete, the set of 45 files representing the nine

test cases with 7,975 values each were transferred to a VAX account. The VAX

account was used to interface to an IRIS work station where the three

dimensional surface contours were generated. A limitation of the available

plotting program was that it could not show multiple views concurrently. To

create the three view, three dimensional plots, a sequence was devised using

the programs "plot3d" and "dump edit" to combine single views into the plots

shown in Figs. 21-23.

These surface pressure contour plots clearly show the three dimensional

character of the swept flow around the test model at moderate incidence. The

flow fields progress from near symmetric features at 2 deg. to flows with

significant positive lift on the forebody and negative lift on the boattail. The

extent and strengths of the ogive-cylinder and cylinder-boattail interactions

clearly vary in a strongly three dimensional manner. The expanding swept

flow around the sides of the model result in the highest suction pressures close

to separation.

All the data and programs for transferring and formatting files to

generate plots at any normal or oblique angle to the model are available on

magnetic tape in a VAX readable format. Thus, these test data and their three

dimensional projections will provide innumerable stringent test cases for global
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aerodynamic surface pressure calculations.

Measurements have also been made of the static pressure fluctuations

over the entire test range. The surface pressure fluctuations under the viscous

layer are associated with the irregular motions of the flow field turbulence.

For example, the intensity of the surface pressure fluctuations beneath a two

dimensional turbulent boundary layer scales with the mean shear stress and is

primarily composed of high frequency fluctuations. As the layer approaches

separation, the level increases and character changes due primarily to the

additional generation of low frequency energy. The high frequency

components are generated in the small scale inner region, the so called law of

the wall region, whereas the low frequency pressure fluctuations emanate from

the larger scale unsteady motions in the outer region.

Examples of the circumferential pressure fluctuation levels measured at

the mid-point of the boattail are shown in Fig. 24. At low angles of attack, the

surface pressure fluctuations on the windward side are broad-band, indicative

of an attached, unsteady flow. Although there is some general increase in the

fl'i'tuating intensity beneath the lee side flow field, the circumferential

distribution is consistent with an unsteady, attached flow. At high angles of

attack, the pressure fluctuations on the windward surface are greatly reduced

and are primarily composed of high frequency, small scale fluctuations

indicative of a thin and stable attached swept shear layer. However, there is

now a dramatic increase and variations in fluctuation level in the lee side flow

field. The intensity reaches a maximum in the separation region and the

spectrum is dominated by low frequency components caused by large scale

unsteady motions due to time dependent fluctuations in the location of the

shear layer primary separation point. The levels are significantly lower under

the separated shear layer, but rise to a second peak in the reattachment region

where once again large scale flow unsteadiness is present.
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Flow Field Measurements

Before any flow field measurements were made, the positions of the ice

side vortices adjacent to the model surface were established for both

symmetric and asymmetric wake flows. However, it must be borne in mind

that vapor screen photographs image the condensation or evaporation of a gas

or liquid mixture in the flow field, where there are large changes in static

pressure and temperature. The interpretation of vapor screen photographs is

also complicated by the fact that the mixture may not achieve thermodynamic

equilibrium during its transit time along the model. Thus, the dark wake

regions may not precisely represent the body vortices. The boundary between

the dark and light regions is not a cross flow dividing streamline, it is the locus

of points where local conditions produce a saturated vapor. But, despite these

complications, vapor screen photographs can be used to determine gross,

qualitative flow field information. Examples of vapor-screen flow visualization

of the vortices on the boattail (x/d = 6.0) are shown in Figs. 25 and 26. These

pictures clearly show the leeward vortices and their feeding sheets, which are

visible as dark regions within the light sheet. The effect of model spin rate on

wake asymmetry is clearly evident, and substantial changes in vortex location

can be identified.

Laser velocimeter data presented in Fig. 27 show the results of two scans

across the wake at the cylinder-boattail junction with and without spin. These

measurements give a quantitative flow field picture of spin effects. In the

stationary case, symmetric lee side vortex flow is evident from the

characteristics of the three mean profiles. The axial velocity variation across

the wake shows slight velocity defects associated with each vortex. These

defects are more pronounced and reach a maximum at the vortex cores. They

also increase with vortex strength up to a maximum of 30 percent of the

freestream value. The characteristic down wash of the body vortices can be
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seen between the vortices (z=O) and the up wash generated by the vortices is

noted outboard of each vortex. The magnitude of the down wash increases

closer to the body. It also increases with angle of attack as the vortices

increase in strength. Close to the body, at cc=10 deg, down wash velocities of up

to 25 percent of the freestream velocity were observed. The cross flow

velocity component is again symmetric and indicates free-vortex forms in both

the outer inviscid tlow fields with a central viscous region. Clearly, spin

induced asymmetries distort the leeward vortex field and alter the relative

vortex strengths as evidenced by the changes in the locations and relative

strengths of the axial core velocity defects. Movement and distortions of the

down wash and cross flow velocity profiles are also apparent.

Scans across the wake taken close to the model surface show marked

differences. Examination of the two cross flow profiles in Fig. 28 give an

accurate measure of the extent of vortex asymmetry in both position and

strength. In the spinning case, the gradient across the viscous core of the port

vortex is almost a factor of three greater than that across the starboard vortex.

Model spin also distorts the turbulence characteristics of the lee side flow field.

As expected, all three turbulence normal stresses peak in regions of maximum

mean gradient. However, as seen in Fig. 29, spin stabilizes the vortex on the

retreating, moving wall side but adversely affects the starboard vortex

stability.

Measurements have also been made in the viscous regions close to

separation. Some of these results are shown in Figs. 30-32. For zero spin (Fig.

30), flow field symmetry is evident at the two circumferential stations, 0 = 120'

and 2400. With spin (Figs. 31 and 32), significant asymmetry can be seen in

the velocity profiles. At 0 = 1200, the cross flow velocity is in the same

direction as the wall velocity. At 0 = 2400, the outer cross flow opposes the
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wall velocity. Fig. 31 shows the axial and cross flow velocity profiles measured

at the cylinder-boattail junction. Here, the favorable wall velocity delays

separation at 0 = 120' and there is a thin boundary layer with a slight

overshoot in the axial velocity profile. At 0 = 2400, the wall velocity acts to

retard the flow and thicken the wall boundary layer. The effects of surface

spin are seen to persist further out into the flow field. Fig. 32 shows the

corresponding velocity profiles measured midway along the boattail (x/d

5.5). Although the decreased body diameter results in reduced surface

velocity, the boundary layer is thicker and the effects of spin are seen much

further from the wall. At 0 = 2400, the adverse effect of wall velocity has

separated the flow, as evidenced by the character of the axial velocity profile,

which is typical of that produced by a streamwise vortical shear layer.

Examples of the "on line" laser velocimeter data outputs (Figs. 33 and 34)

show the results of two scans across the wake at the same body station on the

boattail with and without spin. These measurements of mean velocity,

turbulence intensity and shear stress give a quantitative picture of spin effects.

Clearly, the effect is to distort the leeward vortex field and to alter the relative

vortex strengths and their turbulent characteristics. From multiple scans,

obtained as the model was coned, details of the mean and turbulent structure

of the attached and separated viscous layers can be constructed. Details of the

wake structure can then be derived and the quantitative influence of spin

induced vortex asymmetry assessed. A complete listing of the laser

velocimeter flow field measurements is given in Appendix 2.
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Concluding Remarks

The prediction of the destabilizing forces and moments in the transonic

flight regime is a key element in projectile aerodynamics. But, although there

has been a concerted computational effort in this area, to date there have been

few detailed experimental measurements made for comparison. This report

presents the results of an extensive test program in which the normal and

Magnus force and moment coefficients, surface pressure distributions and the

first quantitatie flow field measurements have been made for a

projectile-type configuration at transonic speeds.

The results show the amplitude, character and extent of linear and

non-linear lift and pitching moment. The measurements of the Magnus force

and moment coefficients show that the transonic regime is the critical Mach

number range for this model configuration. It is the regime through which the

projectile will encounter the maximum destabilizing aerodynamic effects.

Extensive surface pressure distribution measurements have shown the relative

contributions of the primary elements of the projectile, namely: the ogive,

cylinder and boattail, to the total lift. The results clearly show the destabilizing

influence of the boattail and the three dimensional swept nature of the flow

field at higher angles of attack. Measurements of the unsteady character of the

surface pressure fluctuations reveal that there is significant large-scale

unsteady flow associated with the three dimensional swept separation zones

even at moderate incidence.

Finally, the capabilities of a new three dimensional, forward scatter,

laser velocimeter of the NASA Ames 6- by 6-Ft. Supersonic Wind Tunnel have

been demonstrated and measurements have been obtained at several body

stations and angles of attack. Although the simultaneous measurement of

three velocity components turned out to be a tedious and lengthy proposition,
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these data represent the first quantitative flow field documentation of the

symmetric and asymmetric lee side vortex flows in the transonic test regime.

These results will serve for comparison with computations and guide future

code developments.
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list of S1mbols

. \ [inoI[ Data S% 11hol Description

U A. ,\LP.1A angle of attack of model reference axis, deCreeN

h model span

mean aerodynamic chord

('INI pitching moment coefficient, pitching moment/qSJ

(AP Magnus force coefficient, yawing mo ment/q.S D VR

('N (N normal force coefficient. normal force/q.S

('NP \agnus force coefficient. side moment/q.S VR

o (YNt cone angle. degrees

CONF confi guration code number, blunt= 1. sharp=2

Cy (Y ,ide force coefficient, side force/qoS

(n %YN .awing moment coefficient. yawing moment/qoSb

D),d body diameter, 0.35417 ft.

M AC\('H freestream Mach number

p model spin rate

1) P freestream static pressure, psf

Pt PI freestream tctal pressure, pst

IQ freestream dvnaimic pressure, psi
R R NiL Reynolds number, millions per foot

i2 RPI qin rate of ogive-cylinder about its axis, positive

sense is clockwise rotation looking in the u pstream

direction, rpm

S reference area, 0.098516 ft :
I.. .I. freestream static temperature, pt

It .-, 1IT freestream total temperature, psf

uj% %k velocity components along the x,\,,z axes
u',w, [ ',",\ .\V RMS quantities

%% \V[. turbulent shear stress

I freestream velocity

velocity ratio, two times model surface tangential

velocity t) tunnel freestream velocitV.

27r1) RPM/oO 1)"
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Fig. 25 Vapor-Screen Flow Visualization,
M - 0.8, x = 10 deg, pd/U = 0

Fig. 26 Vapor-Screen Flow Visualization.
M = 0.8, a = 10 deg, pd/U = 0.3
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Table 1

I [xisting 0.5" pipe plant air supply.

2. Existing 0.5" valve.

0.5" pipe nipple, 3" lon,,

4. 0.5" street tee.

"~. 0.5" to 0.25" pipe reducing bushing.

6. 'NORGREN' 0.5" NPT air filter.

0.75" NPT internal thread to 0.5" NPT external thread reducing adapter.

8. 0.75" pipe to 0.75" tube adapter.

). 0.75" tube to 0.625" hose adapter,

10. 0.625" nonmetallic hose.

1 . 0.5" street elbow.

12. 'NORGREN' 0.5" NPT pres, ure regulator.

I. 45 ° , 0.5" treet elbow.

14. Existing 0.75" tube assembly from east side flap actuator to top of tunnel,

l5. Existing 0.75" tube assembly through rear lead screw.

10. 0.75" to 0.5" tube reducer.

17. 0.5 tube to 0.406" ho,e adapter.

IS. 0.406" nonmetallic hose.

10 . Existing 0.375" pipe to 0.5" tube adapter.

201. Existing 0.375" pipe elbow.

21. Existing 0.375"- pipe nipple. I" long.

2 ().-125" pipe nipp!c. 3" lon ,

3 0.125" pipe ciupling.

2t. Pressure -ae, ,datety type, range from 0-120 psi.



Table 2

Pressure Tap # Distance from nose (inches) Distance from nose (caiibers

1 3.778 0889

2 5.204 1 224

3 6.630 1.560

4 8037 1.891

5 9.444 2,222

6 10.653 2.507

7 11.862 2.791

8 12.100 2.847

9 12.350 2.906

10 12.600 2.965

1 1 12.850 3.024

1 2 13.100 3.082

'3 13.298 3.129

14 13.500 3.176

15 13.676 3.218

1 6 13.875 3.265

1 7 14.125 3,324

1 8 14.375 3382

1 9 14.625 3441

20 14.925 3.512

2 15.130 3.560

22 15.375 3618

23 15.625 3,676

24 15.875 3.735

25 16.125 3.794

26 16.625 3.912

27 17.125 4.029

28 17.625 4,147

29 17.944 4.222

30 18.342 4316
3 1 18.842 4.433

32 19.342 4.551

33 19.842 4.669

34 20.342 4786

35 20740 4880

36 20.990 4.939

3 7 21 .200 4.988

38 21.401 5036

39 21.701 5 106

40 22.043 5 187
4 1 22 330 5.254

22.610 5.320

43 22.860 5.379

44 23110 '- 138

4 23.360 5 S

46 23.649 5.564

47 23 900 5624

48 24.200 5.694

49 24 574 5 782

5 . 24.900 5859

51 25 20u 5.929



Appcndix I

Tabulated Wind Tunnel Test Data
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, ppendix:

a-i--a Irn 1 Laser Veloc -itzer

X~ca (ec) Nse spin (PDM) X (cal)

23 BLUNT 0 4.50C-5.75
*0 BLUNT 6950 4.50-5.75

12 BLUNT 0
IC BLUNT 0 ~

ID 'LTN -95C
3T LUNT 2 ~
BLUNT 4.CD7

2 BLNT 830 4. 50-:.
SHARP 0 -5?

SI±A.R~ 9830 5.-.2

I BLUNT
II BLUNT 8 3. 0

72T 9 830

SHAPPB R 32 r.2

BLUNTF

20 SHAP ______ _____
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